Computational Fluid Dynamics 54 natural (due to difference in temperature or wind) or forced (due to fans). Natural or forced flow of air through properly sized and managed ventilation openings should continuously replace contaminated air with fresh outside air [5] . Almost all commercial-scale poultry houses use forced ventilation during cold and mild weather, with the majority using fans year-round. This air exchange helps to control relative humidity, reduce dust particles carrying disease pathogens, interrupt the aerobiological transmission pathways, and decrease or dilute the concentration of ammonia and other air pollutants, as well as carbon dioxide. Maintaining a clean and dry environment is essential to reducing molds and associated toxins that contribute to respiratory or digestive problems, which are threats to animal and human health. Poultry birds are warm-blooded and therefore give off heat. The thermal plume produced by a typical laying hen is visualized with the Schlieren imaging technique in Figure 1 . Air currents caused by thermal buoyancy can either enhance or inhibit the forced flow ventilation system, depending on inlet and outlet area and location, height difference between the inlet and outlet, and difference between inside and outside air temperatures [6] . For example, natural air currents may disrupt forced-ventilation air currents at times of relatively low air exchange such as during cold and mild weather. On the other hand, utilizing the "stack effect" (hot air rises) through thermal buoyancy for natural ventilation can provide the primary air exchange needed during some seasons of the year [7] [8] . Thermal buoyancy happens naturally, and the effect of thermal buoyancy can be used to increase the effectiveness of the ventilation system. This is one of the issues considered in this article while proposing a new ventilation system. 
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Poultry farms fall into two general categories based on the product produced: egg or meat facilities. Meat birds (broilers, turkeys, etc.) are raised on the floor with litter as a manure management material. Most egg-laying hens are housed in stacked cages with the manure dropping through the cage floor. There are two common egg-laying hen house designs, each based on the strategy to manage the manure as a nutrient-rich byproduct. About twothirds of the hen houses in the USA are "high-rise," two-story facilities where the hens are housed upstairs in cages staggered over each other so that manure drops down to the lower story. Accumulated manure is removed once or twice a year as needed for crops. Fresh air is introduced to the facility upstairs to benefit the hens and exhausted downstairs after being used to dry the manure. Most newly constructed hen houses are "manure-belt" houses where a conveyor belt under each cage collects manure for daily or bi-weekly removal from the hen house to a separate storage. With cages stacked directly over each other and both upstairs and downstairs occupied with hens, there can be 50-100% more hens in a manurebelt house than in the same size high-rise facility. With the adoption of manure-belt cage configuration, the hot weather ventilation usually employs a "wind-tunnel" strategy. Cold and mild weather ventilation is the same in both high-rise and manure-belt houses, albeit with increased ventilation rate in the latter due to the increased number of birds. The present analysis evaluates airflow conditions in relation to the potential for disease spread in a manure-belt house similar to that shown in Figure 2 . In the event of epidemic outbreak at poultry production facilities, air quality control and decreased contamination spread downwind is of fundamental importance. In this article computational fluid dynamics (CFD) is used to monitor the flow of particles and test the effectiveness of ventilation systems. CFD can be defined as the process of determining a numerical solution to the governing equations of fluid flow while advancing the solution through space and/or time in a computationally modeled domain in order to obtain a numerical description of the flow field of interest. The governing equations can be solved either by writing in-house codes or by using commercial software codes that are designed to give optimum performance and a convenient user interface. In the present research, the commercially available CFD computer software package FLUENT [9] (now part of ANSYS) was used. FLUENT is a three-dimensional finite-volume CFD code, capable of using structured, unstructured, and hybrid grids. It can handle both laminar and Reynoldsaveraged turbulent flows, steady and unsteady flows, compressible and incompressible flows, and the transport of contaminant species and particles. To create the geometry and to mesh the computational domain, software accompanying FLUENT called GAMBIT [10] was used. In this work various ventilation scenarios in egg-laying hen houses, in various wind conditions, with both particulate and gaseous contaminants introduced at various locations in the house were studied (a gaseous contaminant introduced at one location is presented here). In particular, a modified ventilation scheme that may reduce the spread of airborne contaminants within the hen house and also to adjacent hen houses was proposed and tested. Prior to this work, a CFD study of agricultural ventilation characteristics has been reported for greenhouse [11] temperature distributions using FLUENT and of air velocity and ammonia distribution in swine barns [12] and internal climate of broiler houses [13] . Virtual chickens have been included in simulations of internal climate [14] .
Geometry and modeling
The typical hen house in the U.S. is 50-ft wide and 500-ft long, with 16-ft high walls. It has a shallow 4/12 slope on the roof. The hens are housed inside cages which are typically 1.5 ft in depth and 1.2 ft in height. A single, two-story manure-belt hen house may accommodate 150,000 or more birds. There are usually 6 to 8 tiers of cages, stacked on top of each other. The tiers run the entire length of the 500-ft barn. In a poultry facility there are 2 to 8 hen houses arranged side-by-side in a row. There is at least 50 ft of air space between two adjacent houses. This space is required to allow fire truck access and to reduce fire spread. The building separation is also an attempt to have fresh air supply for each house. The reason the separation distance is minimized is to reduce cost of the egg conveying system that connects all houses to the egg handling facility at each farm.
Cage, conveyer belt and tier assembly
The cages that house the hens are of the wire mesh type as shown in Figure 3 . The feeding system and the egg conveyor system are attached to the front of the cages. A wide conveyor belt runs under each row of cages to collect manure, which is transported to a separate storage building. In the CFD simulations, the wire mesh cages were modeled as porous walls and the hens inside an individual cage were modeled together as a single block with constant heat flux corresponding to their body temperature. The conveyor belt was modeled as a rectangular wall in between two tiers. The tier system and its model are shown in Figure 4 along with the cage modeling.
Ventilation schemes and modeling their components
Negative pressure ventilation is used in hen housing. Fans discharge air from a tightlyconstructed building envelope that is under a slight negative pressure (vacuum typically 0.05 to 0.10 inches water) so that fresh air enters at planned inlet openings. In this chapter two ventilation schemes are studied and compared with respect to simulated-virus spread and effectiveness in maintaining temperatures uniformly within the building. The first ventilation scheme is the traditional one used in the United States and the second one is the proposed scheme in which the air flow is in a direction exactly opposite to the first one.
www.intechopen.com With either ventilation scheme, the volume of air exchange is increased by turning on more fans with the inlet opening size increased to maintain a constant static pressure difference between interior and exterior conditions. When less air exchange is needed, fans are turned off to reduce the volume of air movement through the hen house, and the baffle inlet is closed partially to maintain the constant static pressure difference. In different weather conditions different air flow rates are required; e.g., more flow rate per hen is required in hot weather conditions as compared to cold weather conditions. The same (existing) control system can also be used for the proposed ventilation scheme. There is an automated mechanism that controls the baffle inlet opening according to the temperature-controlled airflow rate inside the hen house. The baffles and their adjustment system are shown in Figure 5 . Of interest is the effect of ventilation on the spread of disease-causing viruses within the hen house and to the neighboring hen houses. The important questions to be answered are: a) If one hen in the house gets infected, how are the other hens affected? b) How does the infection of a hen in one house affect the hens in neighboring houses? These questions remained unanswered until now due to absence of air flow modeling inside and discharge from the poultry houses. 
Traditional ventilation scheme: downward flow
In this type of ventilation system the air flow is from top to bottom as practiced in high-rise hen houses and manure-belt houses during all but hot weather. Fresh air comes into the attic space at the eaves between the roof and the wall through a 2 to 3 ft continuous opening along the length of the building. Within the attic floor there are slot openings above each cage-row to distribute fresh air uniformly across the upper level of the hen house. Each slot opening has a horizontal baffle to direct incoming air along the ceiling. The air is exhausted outside using fans placed about 3 ft above ground on the lower story of the barn. The ventilation fans are shown in Figure 6 . The eave on one side of the poultry house is shown in Figure 7 . The problem with this ventilation approach is that the direction of air flow (top to bottom) is against the natural tendency of warm air from the hens to rise, as was shown in Figure 1 .
Proposed ventilation scheme: upward flow
In this ventilation system the air flow is exactly opposite to that of the previous traditional scheme. In this case the flow comes in from the bottom of the barn and it is vented out using fans placed in the attic, at the top of the roof. This type of ventilation system assists the thermal plume produced by the hens rather than opposing it. It is shown in Figure 8 .
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Final 2-D geometry with dimensions
Incorporating all the above mentioned features, the final 2-D geometry shown in Figure 9 was created and used for the CFD simulation. This geometry was extruded in the third dimension (out of the page in Figure 9 ) to create the three-dimensional geometry. 
Meshing (grid generation)
In CFD analysis, the geometry (developed in section 2.3) is first enclosed in a computational domain. The size of the domain is determined by various factors. The "approach length" (distance from the start of the domain to the left-most wall of the building) must be sufficiently long so that the inlet flow is sufficiently developed before it reaches the building. The top and right boundaries of the domain are placed such that reverse flow is avoided. In this work only two hen houses are modeled side by side, as in Figure 10 , assuming that the flow and thermal interactions would be similar if there were additional barns on the site. The domain extends several barn widths downstream since eddies are created downstream of the buildings. These eddies need to be captured and contained inside the computational domain to avoid reverse flow at the outflow boundary. The next and the most fundamental consideration in CFD is that of discretization, which involves the process of transforming continuous models and equations into forms suitable for numerical analysis and implementation on a computer. In this case the discretization is initiated by dividing the spatial domain into small cells (finite volumes) to form a volume mesh or grid. Then by using a suitable algorithm/solver, the discretized equations of In GAMBIT for the 2-D case, two primary elements are used to mesh faces, namely, quadrilateral and triangular. The quadrilateral elements can be combined with four types of meshes: map, sub map, pave, and tri primitive. Triangular elements can be used only with the pave type. The final result of meshing the domain using the above mentioned elements is shown in Figure 11 . In the mesh for the region of interest, which is the interior of the barn, the grid is fine, i.e., the number of nodes for edges in the interior of the barn is dense. The grid becomes progressively more coarse as focus is shifted away from the barn. This is evident in Figure  11 . In 2-D meshes, the quad-map (structured) scheme is usually preferred as it requires fewer cells for a given area and hence less storage space is required.
Boundary conditions
The next step in CFD analysis is specification of boundary conditions. In the 2-D model the left edge of the domain is a velocity inlet. Velocity inlet boundary conditions are used to define the flow velocity, along with all relevant scalar properties of the flow (such as temperature, turbulence properties, etc.), at flow inlets. The right edge is a pressure outlet where a static (gauge) pressure needs to be specified. The base (ground) and the top part of the domain are walls. The top part of the domain is specified as a zero shear wall. This is done to avoid reverse flow out of the top of the domain and also to keep the height of the domain and thus the number of required grid points as low as possible. This does not significantly affect the flow/thermal characteristics near the barn. The domain with boundary conditions is shown in Figure 12 .
The top surface of the roof is a wall for Case 1, the traditional ventilation system (air flow from top to bottom). It is a fan for Case 2, the alternate ventilation system (air flow from bottom to top). The fan boundary condition is a lumped parameter model in which a pressure jump is enforced across the boundary; it is used to determine the impact of a fan www.intechopen.com with known characteristics upon some larger flow field. The slanting edges of the roof are walls. The eave, the portion projecting out of the side walls of the barn, is an interior face for Case 1 and it is a wall for Case 2. This interior boundary is considered as a part of the mesh and the flow is not affected due to it. The slots in the attic space for air are also specified as interior. The baffles are specified as walls. The sides of the barn are walls except for a slot which is a fan for Case 1 and interior for Case 2. The base (floor) of the barn is a wall. The cage is a wire mesh so the boundary condition specified for it is a porous jump. Porous jump conditions are used to model a thin "membrane'' that has known velocity/pressure-drop characteristics. The wires used in the mesh are thin, and it is assumed that the cages are 80% open. Nothing needs to be specified for interior boundary conditions. The solid block representing the hens is a wall. The conveyor belt is a wall. These boundary conditions are summarized in Figure 13 .
Cage -Porous Jump
Solid Block representing chickens -Wall
Fig. 13. Boundary conditions for the 2-D poultry house (top) and cage (bottom).
For one particular case to be discussed in detail, the walls are specified as no-slip walls with zero heat flux/constant temperature (300K). The blocks representing the hens are no-slip walls with a constant heat flux of 6.577 W/m 2 (calculation shown below). The left edge/face of the domain is specified as a velocity inlet with velocity magnitude of 1.0 m/s normal to the boundary, inlet temperature of 300 K, turbulence kinetic energy (TKE) = 0.01 m 2 /s 2 , turbulence dissipation rate (TDR or ε) = 0.01 m 2 /s 3 , and a species mass fraction of zero (pure air). The ammonia inlet (analogous to the infected hen) is a velocity inlet condition applied www.intechopen.com to a particular block of hens. The velocity magnitude is 0.010 m/s normal to the boundary, the species mass fraction is unity (100% ammonia), and the rest of the parameters remain the same. The right edge/face of the domain is a pressure outlet. The gauge pressure is zero Pa, backflow total temperature is 300K, TKE is 0.01 m 2 /s 2 , TDR is 0.01 m 2 /s 3 and the species mass fraction is zero. For Case 1 two fans per barn (sides of the barn) are specified and for Case 2 only one fan per barn (roof top of the barn) is specified. The pressure difference across the fan is specified as 24.9 Pa (0.10 inch of water column).
Calculation of parameters for boundary conditions
The hens inside the cage, which are represented by a block, are modeled as either a constant heat flux wall or as a constant temperature wall. The constant heat flux boundary condition is preferred since it is more representative.
Constant heat flux case
The basal metabolic rate for warm blooded animals like chickens can be approximated by the following empirical equation, 
where the perimeter is 5.2 m in the present case. Thus, the heat flux is calculated to be 6.58 W/m 2 .
Constant temperature case
Two hen body temperatures were considered in the modeling, depending on the conditions of the outside air temperature: a. Mild and cold atmospheric conditions: Hen skin temperature set to 68°F. b. Hot atmospheric conditions (outdoor temperature above 70°F): Hen skin temperature set to ambient temperature + 5°F
Baffle openings for mild atmospheric conditions
The required air flow rate in the hen house was calculated as follows: 
For the mild conditions studied in detail here, the flow rate per pound was taken to be 1.0 cubic feet per minute (CFM) per lbf, the weight of one hen was estimated as 3.0 lbf, and the
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Computational Fluid Dynamics 66 number of hens in the barn was 158,000. Thus, the required air flow rate was 474,000 CFM. At the inlet (at the attic floor, which is also the hen house ceiling), the standard design is to provide 1.7 ft 2 of inlet area per 1000 CFM of fan capacity. So the required inlet area for 474,000 CFM was 805.8 ft 2 . This area was divided between eight inlets in the attic. Thus, the required area per inlet was approximately 100 ft 2 . Since the length of the barn was 500 ft, the baffle opening was set to 0.20 ft. The static pressure difference across the fan was set to 0.10 inches of water column (24.9 Pa).
Pressure drop across the wire mesh cage
Instead of meshing the cages (which would require an extremely fine computational mesh), a porous jump boundary condition was applied in the CFD model in place of the cages. The pressure drop across a wire mesh or screen is calculated as
where K L is the loss factor, ρ is the density of the air, taken to be 1.25 kg/m 3 , and V 2 is the velocity of the air through the open area of the mesh. However, the loss factor needs to be estimated. The velocity through the mesh is calculated as follows, using Figure 14 as a guide:
where V 1 is the air velocity before the mesh. To determine the pressure drop, the Bernoulli equation (ignoring elevation differences) is applied, 
Once the pressure drop is estimated, the loss factor is calculated from Equation 4. FLUENT uses an adjusted loss factor which is calculated as
Finally, the pressure jump coefficient is given by
where the thickness in the denominator of Equation (9) is the thickness of wire in the wire mesh -the thickness across the porous jump. For the particular case discussed here, C 2 = www.intechopen.com 
CFD setup and results
For the results reported here, the CFD solver FLUENT was set up to run in 2-D double precision mode. We also ran three-dimensional cases, not shown here, with similar results [15] . The mesh was imported from the grid generator GAMBIT. The segregated solver was used. The k ε − model was used for turbulence; the constants used are given in Table 1 . Table 1 . Constants used in FLUENT For simulating the spread of airborne virus an air/ammonia mixture was used. The thermal conductivity of the mixture was specified to be 0.025 W/m-K and the viscosity was 1.72 × 10 -5 kg/m-s. The mass diffusivity was 2.88 × 10 -5 m 2 /s. The density was calculated using the ideal gas law, and the specific heat was calculated using the mixing law. The species model was enabled without volumetric reactions. The under-relaxation factors and discretization methods are summarized in Tables 2 and 3. The operating conditions were then specified. The operating pressure was set to 101,325 Pa and the operating temperature was set to 288.16 K. Also, gravity was enabled and the gravitational acceleration was specified as 9.81 m/s 2 in the negative y-direction (down). The boundary conditions were specified using the parameters calculated above. The flow field was initialized using the values listed in Table 4 . Table 4 . Flow-field initialization values
The iteration procedure was then started. The FLUENT solution was allowed to converge, i.e., the residuals decrease below the convergence criteria set for them. After this, postprocessing was performed. In particular, contour plots and vector plots of several variables were generated. For the case of particulate contaminants (not presented here), the particle injection/tracking capability of FLUENT was utilized, whereby particle paths are tracked using a Runge-Kutta scheme after the particles are injected from specified surfaces. For gaseous contaminants, FLUENT has multiple species capability, and mass fraction contour plots are readily generated.
As an example of gaseous contaminant diffusion, Figure 15 shows a comparison of ammonia mass fraction contours for both ventilation schemes. The hen in the fourth cage in the first (left-most) column of the first (upstream) poultry house was considered to be affected by a disease. The scale of this contour plot is clipped at a mass fraction of 0.1. The figure shows the spread of contaminant for both cases and the amount of contaminant that passes out of the upstream barn and enters into the downstream barn. Figure 16 shows diffusion contours inside the upstream barn. The white region is a region with very high concentration of contaminant (off the scale). Figure 17 shows the diffusion contours inside the downstream barn. This illustrates spread of contaminant from the upstream barn to the downstream one. Figure 18 shows a comparison of temperature contours for the two cases. The air enters at ambient temperature and the temperature variations are caused by the body heat given off by the hens. Figure 19 shows temperature variations inside the upstream poultry house, which is an indicator of ventilation system performance. The temperature values are in Kelvin (K). 
Observations, conclusions, and future scope
The main objective of this article was to compare the two ventilation schemes from the view point of air quality and ventilation characteristics. Therefore, only species diffusion contours and temperature contours were analyzed. Species diffusion contours are good indicators for performance of ventilation schemes from the view point of air quality. It has been assumed that the hen in cage 4 of the first row of the upstream poultry house has been affected by a disease, i.e., the contaminant is injected from this cage. For the species diffusion contours the scale has been clipped to a range of 0-0.1 mass fraction. The white region indicates high concentrations of the contaminant. The contaminant coming out of the upstream poultry house affects the downstream poultry house much more in downward flow (Case 1) than in upward flow (Case 2) as shown in Figures 15, 16 , and 17. This is primarily due to fan position in both cases. The outlets of fans for downward flow oppose each other and due to this the air exhausted outside through the outlet of the upstream poultry house rises and enters the inlet of the adjacent poultry house. In upward flow the fans are placed on the roof so that the exhaust air is ejected directly up and above the adjacent poultry houses and does not interfere significantly with the inlets of the downstream poultry houses. (The minimal amount of species diffusing from poultry house 1 to poultry house 2 in Case 2 results partly from the domain height being limited in FLUENT.) Due to this, the contaminant spread from the upstream poultry house to the downstream one is much less with upward flow than with downward flow. Inside the upstream poultry house it is also observed that contaminant diffusion is much less for upward flow as compared to downward flow. In Figure 16 it is observed that for downward flow the entire interior of the poultry house is colored white which indicates high concentration of contaminant inside the poultry house.
In upward flow the diffusion of the contaminant inside the poultry house is restricted to a few regions and the concentration of the contaminant in these regions is low. This is because the rising warm plume of air in Case 2 naturally flows upward, carrying the contaminant with it and out the exhaust. In Case 1, however, the air flow tends to diffuse the contaminant inside the poultry house because the direction of flow is opposite to the natural thermal plumes from the hens.
Comparison of the temperature contours for both ventilation schemes in Figures 18 and 19 shows that the ventilation system in upward flow is more effective than that in downward flow. The temperature contours in downward flow are predominantly light blue in color which indicates that the temperature is greater than the ambient outdoor temperature. On the other hand, the temperature contours for upward flow are predominantly dark blue which is nearly equal to the outside air temperature. One of the primary purposes of a ventilation system is to control temperature and thus from this view point the ventilation scheme in upward flow is better than that in downward flow. The temperature variations inside the poultry house occur due to heat produced by the hens because of their warm body temperatures. This process occurs via the thermal plumes generated by the hens. The airflow in Case 1 is from top to bottom and this direction opposes the naturally rising thermal plume. Due to this effect, the heat gets redistributed inside the poultry house and impairs the effectiveness of this ventilation scheme. On the other hand, in Case 2 the airflow is from bottom to top which is in the same direction as the naturally rising thermal plume. So in this scheme the thermal plume assists the airflow, heat is effectively carried out of the poultry house, and the temperature inside is maintained at a cooler level. The present CFD simulations reveal that the cold and mild weather ventilation system in use in the United States, downward flow, for manure-belt cage hen houses is not effective from the view point of air quality and distribution. On the other hand, upward flow provides more effective ventilation in relation to diminishing disease spread. The ineffectiveness of the current system from an air quality viewpoint could be crucial if an outbreak of an airborne virus, for example avian influenza, were to occur. Upward flow is much better at containing contaminant and restricting spread. To support the CFD results, experimentation with an empty poultry house and a tracer gas such as sulfur hexafluoride (SF 6 ) should be done. There are optimizations needed to improve the practical application of the simple reversal of air flow depicted here. For example the upward flow case will be strengthened with an inlet system to more uniformly introduce fresh air to the hens, attic redesign to reduce the potential for condensation of moist warm exhaust air, and elimination of baffles at entry to the attic space. Also, an economic analysis with regard to financial implications of changing from the existing system to the new system needs to be done.
Further studies could be done from the disease spread and containment point of view. Using data from virologists regarding the concentration of a particular airborne virus required to affect living beings and the life of such viruses, effective quarantine techniques could be developed. For this purpose the results of species diffusion can be used to find concentration in particular areas and appropriate quarantine measures can be taken. Using a similar approach, other poultry house architectures could also be investigated. One example of an alternative structure is the double envelope system wherein an interior wall with pores is installed inside the side walls. Air is moved from the building interior into the envelope through the pores, and passes through this envelope space to be exhausted at the top of the building. Also, other ventilation approaches such as the hot-weather wind-tunnel ventilation system could be analyzed using CFD.
